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ABSTRACT 

■"In  order  to  study  the  steady  state  curing  nechanisn  of 
A?-based  connosite  solid  propellants  including  those  with 
negative  pressure  exponents,  we  applied  the  scarjoing  electron 
microscope  to  exanine  samples  of  extinguished  combustion 
strands  and  we  also  applied  the  single-frame  microphotography 
of  self-illumination  or  laser-shadow  to  observe  the  burning 
samples.  ’7e  found  that  the  covering  of  the  melten  binder  over 
the  AP  surface  was  not  a  particular  phenomenon  of  the  FU 
propellant  in  the  -’^mesa"'  burning  area,  but  rather  a  general 
phenomenon  taken  place  over  an  extensive  region,  v/e  showed 
indication  that  local  covering  may  not  have  resulted  in  local 
extinction  and  we  further  proposed  a  new  theoretical  model 
which  takes  into  consideration  the  combined  effect  of  the 
convering  of  the  melten  binder  on  the  A?  surface  and  the 
existence  of  condensed  phase  reaction  as  well  as  the  reversed 
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un.ier  the  jun'ace  coverir.:^.  This  "lohel  ca-n  be  usee 
solid  cor.oosite  ororellants  which  include  the 


e-’sil;  nelser.  binder.  This  nodel  exhibits  the  cap-ibility  of 
exr lair.ir. -  the  "oleteau",  T.esa” ,  and  ncmal  bumi.n^  behavior 
and  it  can.  also  be  used  to  analyse  the  effects  of  initial 
tenoerature  and  the  .1?  particle  size  on  the  burring  characteristics. 
T-urthei-^iore ,  this  rcdel  can  se'  ve  as  a  basis  for  studying  tne 
erosive  ccncustion  and  r.or.-steady  state  cenbustion  of  propellants 
v/hich  include  the  "nesa”  o  rone  Hants. 


to  t  Or  V  ot  j',  ,1-^ 

I.  INTRO HaCTION 


-  h.  u..  ,  ,  ,  ^ 


■/' 


The  composite  solid  propellants  usually  have  two  basic 
types  of  burning  models;  one  is  the  gas  phase  type  and  the  other 
is  the  condensed  phase  type.  Among  these  models  the  "GDF”  model 
is  representative  of  the  gas  phase  models  and  the  "BDP"  us 
representative  of  the  condensed  phase  models.  (It  should  be 
noted  that  in  the  earxy  I960's  scientists  in  our  countrj'i  such 
as  comrades  Zhang  Cun  Hao,  He  Guc  Zhong,  and  Yang  Pei  Qing, 
have  proposed  a  complete  rau-l^iple  laye.*  flaune  model  which  can 
be  guided  and  iraplemented^^A  Some  of  the  mathematical 
treatments  used  by  this  paper  are  developed  in  light  of  their 
result.s.  T.n  recent  years,  based  on  the  foundation  of  the.se 
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tv/c  t\'Te3  of  basic  nolels  mentioned  above,  scientists  made  tne 
b reiKt r.rou^r.  of  the  limitation  of  single  node  single  disnersion 
of  oxidation  reagent  particles  and  introduced  statistical 
methods  more  fully  into  this  problen.which  has  a  strong 
degree  of  ra-.lonness.  One  especially  clear  example  is  the 
establishr.en !:  of  the  contemporary  models  such  as  the  "PET;", 
model  which  can  analyze  the  problem  more  fully  under  more 
realistic  conditions.  Unfortunately  none  of  the  models  can 
be  used  to  explain  the  "plateau"  and  "mesa"  effects. 

J.H.  Robert  has  proposed  the  combustion  speed  relation 
equation  rs ap^°^^ ^  as  early  as  I966.  This  was  actually 
a  relatively  abstract  model  for  steady  state  burning.  Even 
though  this  was  only  a  hypothesis  of  his,  it  represents  a 
boll  attempt  to  ccrac  up  with  a  model  which  attempts 
to  explain  all  the  combustion  speed  characteristics  of  normal, 


"plateau",  and  "mesa"  burning  fully.  This  author  believes 

that  these  Combustion  speed  c^iaracteristics  are' only  ..>»nifestations 

of  a  single  unified  burning  problem  under  different  conditions. 

This  is  why  when  we  are  studying  the  individual  mechanism 
of  the  various  characteristic  areas,  we  should  also  consider 
the  internal  connection  among  these  various  characteristic 
areas  so  v/e  can  more  deeply  explore  the  nature  of  the  problem. 
v;e  can  only  tackle  the  problem  associated  with  a  unified  burning 
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nnditions 


^  c  iJi  i.  ^  ‘ i  c  ’i  v  ^  i'  i.  ^  s  ” .'  1  ^  c 
c'5~’.r'lete  r.oiel  v;hich  can 

c f  all  tr.9  bumir.^  charactaris'tics  of" 
propellants.  This  is  the  objective  of 
by  exploring  the  nature  of  the  ”nesa” 
to  ororose  a  unified  nodel. 


■•-■hen  v/e  can  propose  a 
provide  a  full  explanation 
the  conposite  solid 
this  study  and  v/e  start 
effect,  'ii'e  also  endeavor 


This  paper  •-■.■as  received  on  April  17,  I982. 


The  so  called  "nesa"  effect  indicates  that  the  combustion 
speed  of  the  solid  propellant  exhibits  a  negative  exponent 
relationship  -vith  the  pressure  and  this  burning  phenomenon 
■rfas  discovered  in  the  1950 's  or  even  earllei-.  There  has 
been  no  Ln-depth  study  into  this  effect  up  to  this  date, since 
it  has  not  raceivea  the  proper  application  attention  it 
deserved  in  the  past.  At  present,  however,  an  in-depth  study 
into  this  effect  appeau: .  quite  necessary  since  it  provides  a 
probable  path  for  -che  study  of  the  adjustment  of  the  impulse 
cov/er  of  a  solid  rocket  propeller  as  well  as  the  adjustment 
of  the  flov/  volume  of  the  solid  combustion  gas  generator*  ■* . 

Sven  thou^  we  have  not  seen  analytical  model  which  describes 
this  effect  up  to  date,  there  have  been  numerous  experimental 
observations  and  valuable  descriptions  about  the  mechanisms 
that  can  serve  as  basis  for  our  s^tudy,  (The  relevant  references 
are  in  f5]  -  &3j  ).  This  3-tudy  starts  from  phenomena  observed 


ewcainto 


•i'uring  the  experir.ents .  '.’e  censiier  cri~.arlly  vl 
exp:-e33ei  by  M.  Surnnerfield^'^,  D.3.  Spalding  ,  and  C.  Guirac 
and  then  propose  a  nodel  based  on  the  "3D?"  nodel.  Cur  nodel 
attempts  to  fully  describe  the  "nlateau",  "nesa" ,  amd  nomal 
burning'  behavior. 


rlCPDA-N’ATION  OF  SYTIBOLS 

A  the  factor  in  front  of  the  exponent  in  the  Arrhenius  Equation 

^l’^2’^3  proportionality  constants  in  the  corresponding 
relationship  equations 

C  soecific  heat  under  constant  oressure 
P 

standard  disoersion  coefficient  under  reference  pressure 

0 

d  statistically  averaged  diameter  of  the  AP  particle 

Ej.  acti’/ation  energy  associated  with  the  thermal  dissociation 
of  the  binder 

“Ox  -C'^i'-^^-tion  energy  associated  with  the  interface  reaction  of 
the  oxidation  reagent 

G  fractional  mass  of  the  A?  that  was  used  up  during  the  condensed 
phase  reaction 

h  the  thickness  of  the  liquid  layer  covered  by  the  binder  or 
the  difference  in  height  between  the  oxidation  reagent  and 
the  surface  of  the  binder  which  was  reflected  in  the  equation 
representing 
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coric't'in 
C  2-1'  8  6 1*  01* 


3  •’.ssociatad  •vith  the  various  chersical  reactions 
zniticn  ielay  associated  -..'ith  the  oxidation 


n 


reagen  t 

X 

'  P<^pD 


nass  flo'v 


,  Lewis  nurber 
rate 


n  orders  of  reaction  of  the  various  chenical  reaction 


3  reaction  heat  associated  v/ith  a  unit  nass  of  the  reagent 
3^  reaction  heat  of  dispersed  flane  in  area  I  associated  -.vith 
a  unit  nass 

3,^  reaction  heat  of  nixed  flane  in  area  I  per  unit  nass 
3^  reaction  heat  for  the  dissociation  of  a  unit  nass  of  the  binder 

A  ^ 

3^  condensed  chase  reaction  heat  for  a  unit  nass  of  A? 

3^  interface  reaction  heat  for  a  un.-.t  mass  of  A? 
c  evaporation  heat  for  a  unit  nass  of  A? 
universal  gas  constant 

3^  the  total  surface  area  of  the  oxidation  reagent  and  binder 
in  area  II 

T  tenperature  or  the  characteristic  temperature  corresponiing 
to  the  dispersed  flame 
initial  tenperature  of  the  propellant 

the  adiabatic  flame  temperature  of  the  propellant  and  the 
tenperature  of  the  burning  gas 
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t.  tine  of  leleved  ipniition  for  the  oxidation  reagents 
•  7^3 10CU 1'^*'  '*<’5 

5n  nclecular  v;eight  of  the  gaseous  product  of  the  A? 
condensed  phase  reaction 

■<■  transaission  distance  *roTn  the  burning  surface  corresponding 
to  the  various  reactions  in  area  II 
Y  transaission  distance  —on  the  AF  surface  corresponding 
to  the  various  reactions  in  area  I  ‘ 


fractional  mass  of  the  oxidation  reagent  in  the  propellant 
the  fraction  of  the  reagent  that  enters  the  initial  flame 
the  fractional  area  of  the  surface  of  the  oxidation 
reagent  that  is  being  covered  by  the  melten  binder 
the  fractional  volumi  of  the  oxidation  reagent 
coefficient  of  thermal  conductivity 
density 

density  of  the  solid  propellant 

the  dimensionless  transmission  distaj  re  corresponding  to 
the  various  reactions 


superscript 

I  the  corresponding  parameter  in  area  I  where  the  oxidation 
reagent  is  being  covered  by  the  binder 

II  the  corresponding  parameter  in  area  II  where  the  oxidation 
reagent  is  not  being. covered 

subscript 

AP  parameter  corresponding  to  AP 
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■par^.r.eter  carresponiing  to  the  A?  vaoor 


parar.eter  corrasponiir^  to  the  expansion  process 
parar.eter  corresponding  to  the  final  flane  in  area  II 
paraneter  corresponding  to  the  binder 
parameter  corresponding  to  the  gaseous  state 
paraneter  corresponding  to  the  oxidation  reagent 
paraneter  corresponding  to  t’.ie  initial  flane  in  area  II 
paranetars  corresponding  to  the  AP  surface  in  area  I  or 
burning  surface  in  area  II 

paranetar  corresponding  to  the  prenixed  flane  in  area  I 
paraneter  corresponding  to  the  expansion  flane  in  area  I 
paraneter  corresponding  to  area  I  • 
paraneter  corresponding  to  area  II 

II.  ZI'CPERI'.'PI'ITAL  RESULTS  AilD  AliALYSIS 
(I)  General  Conditions; 

The  types  of  prorellants  used  in  the  experiments  and  their 
ccnbustion  speeds  are  shovm  in  Table  1. 

In  order  to  observe  and' verify  the  condition  of  the  covering 
of  the  binder  on  the  AP  surface,  '.ve  corjoected  one  end  of  a  "T" 
shaped  generator  to  a  nicrosecond  class  interruption  opening 
nechianisn,  and  applied  the  method  of  rapid  reducing  pressure 


i 


9:<tincti::n  to  obtained  e;:tinct9d  sanoles  under 


I>urir.r  the  intcrr’a-'ticn  process  ■:e  ha^e  not  used  any  ^as  oi 
liouid  to  aid  the  process  of  extinction.  According  to  the 
criteria  provided  by  references  fl5l  »  [do]  v/e  can  deduce  that 
the  sacoples  v/e  have  obtained  all  retained  their  true  conditions 
on  the  burning  surface  prior  to  the  iiiterruptf-on  ar.d  there 
was  no  destr’jction  due  to  the  "second  flane".  This  judgenent 
vas  verified  by  the  consistency  of  the  photographs  ta’xen  by 
the  scanning  electron  nicroscope  on  the  burning  sample  v/ith 
the  interrupted  sample.  The  regularity  of  the  surface  structure 
as  observed  by  the  scarxning  electron  microscope  also  verified 
this  ooint. 


5.  5  U  , 

i'k|/ca>) 

1  a  a 

( a  s/kcc) 

!^,  a!3/’t;-/<PifSo4-5) 

Si,^iiiPV-AF^(.S04-i\) 

la 

1. 79 

20 

3. SI 

25 

3.75 

u 

J.«7 

3. 92 

55 

3.35 

49 

3.91 

3.29 

4$ 

❖aaex 

50 

3.1$  1 

M 

3.9$  1 

1 

70 

3.32  j 

i 

1.  Table  1  Types  of  propellants  and  their  combustion  speed. 

2.  pressure  3*  combustion  speed  FU-AP  type  which 

contains  alaminum  5.  ?U-A?  type  v/hich  contains  no  aluninur 
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sur: ice , 


-  have  very  carefully  soalced  a  portion  cf  the  extinc 
sa.-’-les  one  by  one  in  ■vater  for  about  5  ninutes  zo  the  .'-l?  on 
the  surface  couli  be  dissolved  and  only  the  fr?caev'orl-c  of  the 
bin’er  •■oul:  renain.  -he  sannles  after  extinotion  (including 
those  3co-:ed  in  v;ater  and  then  oven  dried)  v/ere  then 


placed  under  a  31— 1C  tyze  and  a  SoCO.type*  scanning  electron 
nicroscope  ("SZ!'")  to  conduct  analytical  photography  on  the 
burniaf;  surface  and  the  cross-section.  These  sanples  v/ere  also 
exanined  using  reguls-t*  nicroscopes.  At  the  sane  tine  we  have 
also  conducted  single-frane  nicrophotography  of  flane  self- 
illunination  or  laser-shadow  to  observe  the  sanples  in  the 
conbustion  process  through  the  transparent  windo’v  of  the 
conbustion  chanber. 


(II)  Z:cperinental  Results: 

1.  ?ron  the  S3!  photographs,  v/e  can  see  that  the  burning 
surfaces  of  almost  all  the  samples  have  melten  binder  covering 
the  surface  of  the  A?  crystal  (as  sho’ivn  in  Figures  1,  4,  5). 
The  self-illxcination  photography  also  indicates  that,  under 
low  pressure  in  the  non  '•nesa"  area  and  high  pressure  in  the 
"nesa"  area, the  nobility  of  the  binder  was  extrenely  good.  The 


binier  in  the  area  ignited  first  v/ould  even  flo'.v  to  the 
surf-'’09  that  had  not  been  ignited  where  it  formed  a  cold 
condensed  bulge  due  to  the  coldness  it  encountered  (Figure  2). 


S«4-$A  19«x  S*4-«A  >»-Jt.5k|/ea*  ZK  (^/gUS)  ^ 


3,  Bi  tt«flXXJE&XSI!U 

1.  (cross-sectional  view  of  the  water  soaked  sample) 

2.  (cross-sectional  view  of  the  water  soaked  sample) 

3.  Figure  1  The  covering  layer  of  the  binder  and  its 


cross-sectional  view 


S«4-«A  P-42.*k%i<m’  ZNx  S*«-fA  (No.$»iI5)  i>-4t.lk|/ca'  iK  (m«)  ■3. 

^  as  AP cstMBJisnAaws 

^cross-secticnal  view)  2,  (top  view)  3,  (top  view) 
Figure  3  The  typical  situation  where  the  AP  particles 
are  partially  being  covered. 


2.  Cbservatinns  of  the  top  vie-^  and  side  view  of  the 
i.-.a^es  -:f  toe  burning  surfaces  are  shown  in  Fig^ure  3*  The 
surface  of  the  large  oxidation  reagent  particles  was 

cc  /ered  by  the  binder  and  it  fomed  a  straw  hat  shape.  The 
edge  of  the  hat  v/as  the  binder  which  covered  the  oxidation 
reagents  and  the  central  portion  was  the  volcano  crater 
shaped  or  cauliflower  shaped  surface  of  the  oxidation  reagent 
which  protruded  out  relative  to  its  surrounding. 

3.  There  v/ere  regular  differences  between  the  burning 
surfaces  of  the  samples  extinguished  under  different  pressures. 
This  was  especial clear  for  the  304-5A  prescription  where 
there  clearly  existed  different  covering  areas  by  the  binder 
on  the  surfaces  of  the  large  oxidation  reagent  particles 
(Figure  4). It  can  also  be  seen  that  in  the  obvious  "mesa" 

area  the  covered  area  appears  more  extensive  with  higher 
pressure,  while  in  the  non  "mesa"  area  (or  its  vicinity) 
there  v/as  also  a  considerable  area  under  low  pressure. 

The  304-5  prescription  which  contains  aluminum  also  shows 
this  regularity. 
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S04-3  A 
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UOX 

:2,  (iE??) 


504-3  K 

i’-3a.3ic{/eB' 

IWX 

(iESJ 


B4  a:/7rfK3-*)^*'T.vr;;;i 

1.  (top  view)  2.  (top  view)  3«  (top  view) 

4,  Figure  4  The  effect  of  pressure  on  the  covering  condition 
of  the  binder. 
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S^OX 
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S04-5A 

^a3i-Slc(/ea' 
(40  X 

5.  (*«,  £«) 


S04-SA 

i’a|I.Sk{/ea' 
(40  X 

J,(;lcA.  JES) 


4-.  ■(  tttfCtt  SKUDTnffX 

1.  (water  soaJced,  top  view)  2.  (water  soaked,  top  view) 

3.  (water  soaked,  top  view) 

Figure  5  Different  covering  conditions  of  the  hinder  on  the 
AP  surface. 
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Mo. IS  Mo. II 

>S0I-5A  S04-5A 

P  P»JI.3»j/cin= 


SA4-3A 

(~T:  1) 


1.  the  exterior  appearance  of  the  propellant  ring 

2.  laser  shadow 


3.  Figure  6  The  concave  shaped  crater  which  looks  like  the 
"shell  crater". 
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The  different  ccnditions  of  the  AF  surface  covered  by 
the  binder  under  the  sane  pressure  (Figure  5)  indicate  that 
the  covering  of  each  A?  particle  by  the  binder  could  have 
variation  ranging  fron  a  local  phenomenon  to  a  phenomenon 
affecting  a  majority  (or  all)  of  the  cases.  This  also  means 
that  under  a  partial  covering  situation  the  retreating  speed 
of  the  covered  portion  would  be  smaller  than  that  for  the 
portion  that  was  not  covered. 

5.  The  surfaces  of  a  majority  of  the  S04-5A  extinguished 
samples  (  in  obvious  "mesa"  area  or  under  the  pressure  in 
its  vicinity)  exhibited  concave  craters  with  diameters  from 
3  to  mn  which  were  similar  to  shallow  shell  craters.  At 

the  sane  time  the  laser  shadow  photographs  of  this  prescription 
under  a  pressure  of  24  kg/ca  ,  corresponding  to  the  condition 
at  the  intersection  of  the  "mesa"  and  non  "mesa”  areas, also 
show  similar  "shell  craters"  (Figure  6). 

6.  Under  the  stereoscopic  microscope  the  extinguished 
samples  prepared  from  the  S04-5  prescription  show  signs  of 
various  kinds  of  "stone  forest"  shaped  small  "mountains" 
standing  on  top  of  the  burning  surface.  '.Ve  can  also  see  some 
of  these  features  from  the  S35  photographs  (Figure  7). 
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/.  a  T  a  'Stf-  tttsatj  -SEM* 

1.  Figure  7  The  "SET'i"  photograph  that  shows  features  similar 
to  a  "stone  forest"  shape. 

(Ill)  Experimental  Results  and  Analysis: 

Based  on  the  experimental  results  shovm  above,  the  commonly 
recognized  diagnosis  that  the  "mesa"  effect  is  produced 

by  the  local  extinction  caused  by  the  local  covering  is 
o.uestionable.  V/e  can  say  this  since  in  addition  to  our  results 
reference Csl  also  mentioned  that  a  prescription  with  a  positive 
pressure  exponent  under  pressures  of  1  -  100  atm  would  have 
the  burning  surface  covered  with  a  melten  binder  layer 
associated  with  samples  extinguished  under  all  pressures.  Derr 
and  Boggs have  examined  S2M  photographs  of  the  extinguished 
samples  of  the  PU-AP  type  prescriptions  with  positive  pressure 
exponents  and  they  have  discovered  indication  that  under 
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relatively  hi^h  pressure  (about  56.3  kj/cn  )  the  A?  crystal 
’•/as  lyln*  on  a  shallov;  concave  trough  and  its  surface  v/as 
covered  by  the  binder.  This  is  almost  exactly  the  same  as 
our  result,  except  that  the  magnitude  of  the  pressure  is 
different.  In  addition,  the  Chinese  Technology  University 
has  obtained  a  self-illunination  photograph  v/hich  shov/s 
that  v,-hen  a  GTP3-A?  type  prescription  ’.vith  a  positive  pressure 
exnonent  v/as  burning,  the  melten  binder  was  mobile  and 
the  binder  encountered  coldness  on  the  surface  that  was 
not  burning  and  subsequently  formed  a  cold  condensed  bulge 
(Figure  2).  From  the  research  reports  concerning  the 
experiments  of  double-layered  combustion  devices '  baJ , 

••/9  can  see  that  there  are  widespread  melting  and  flowing  phenomenon 

on  top  of  the  A?  layer  for  the  CT?3  and  even  HT?3  during 

the  combustion  period  of  these  doubled-layerdd  devices  v/ith 

conditions  close  to  the  realistic  combustion  process  of  the 

propellant.  This  is  v;hy  the  covering  of  the  AP  surface 

by  the  aelten  binder  xmder  certain  conditions  is  actually 

not  a  particular  phenomenon  of  the  ?U  propellant  in  the 

"mesa"  area.  It  is  rather  a  general  phenomenon  v/hich  can 

take  place  in  a  much  greater  range  than  the  "mesa"  area  of 

the  ?U  arocellant. 


local  covering  nay  not  rasuit  in  local  extinction.  ?ron 
the  photographs  obtained  fron  the  single-frane  nicrophotography 
of  the  self-illuninating  flane  (Figure  2),  we  can  see  that 
there  v/as  no  extinction  over  a  v/ide  area  corresponding  to 
a  pressure  -.vith  a  v/ide  spread  covering  (24  kg/cm  )  for  the 
S04-5A  prescription.  If  v;e  simply  think  that  local  covering 
■•/ill  lead  to  local  extinction  and  subsequently  produce  the 
"nesa"  effect,  it  v/ill  not  only  be  difficult  for  us  to  explain 
the  experimental  results  and  reports  mentioned  above  but  it 
v/ill  also  be  difficult  for  us  to  explain  the  phenomenon  of 
non  steady  state  burning  of  the  ’’plateau”  and  "mesa"  propellants. 
This  is  the  case  since  a  local  extinction  will  have  •’'o  cause 
a  decrease  in  the  gain  of  energy  that  is  supporting  the 
oscillating  combustion.  This  in  turn  contradicts  the  existence 
of  the  "plateau"  and  "mesa"  propellants  as  well  as  the  existence 
of  the  serious  non  steady  state  burning  phenomenon (During 
the  ”T”  type  generator  experiments  we  have  also- obtained 
a  unique  self  excited  oscillation  result  for  the  304- 5A 
propellant  under  a  large  area  covering  pressure  of  ?  *  23  kg/cra 
and  this  result  is  shown  in  Figure  4. ) 

Based  on  the  analysis  mentioned  above,  we  believe  that 
coveiing  is  only  one  of  the  conditions  for  the  production  of 
the  "mesa"  effect,  ’/e  also  assume  that  its  nature  is  related 


1  [20] 


t-:  the  ecnir-.el  curr.ir.g  in  the  so  colled  "II  characteristic 

area"  associated  -'.'ith  the  explosion  and  conbustion  of  pure  A?. 

The  reasons  are:  v/ithin  the  four  characteristic  areas  of  the 

e:cplo3ion  and  conbustion  of  A?  classified  by  T.L.  Boggs  et  a. 

aoccriing  to  the  relationship  bet-/een  the  speed  of  explosion 

anl  conbustion  art  pressure,  the  existence  of  a  II  area  where 

the  eicolosion  speed  increases  with  the  pressure  is  definite. 

fail  [22] 

■’att  and  Petersen  and  Friednan  have  also  estimated  this 
characteristic  area  v/here  dr/dp<0.  In  addition,  the  characteristics 

r2hi 

of  this  area‘  J  almost  -.vithout  any  exception  are  exhibited 
in  the  "mesa"  area  of  the  propellant.  The  dr/dp  <0  are  common, 
the  intermittent  and  fluctuatins  micro  flame  can  only  be  seen 
in  the  II  area  associated  \vith  the  explosion  and  conbustion 
of  Ar,  and  these  phenomena  are  only  seen  during  the  burning  of 
the  "mesa"  propellant.  These  phenomena  are  not  seen  for  the 
burning  of  the  non  "mesa"  propellants.  The  latter  has  been 
observed  by  Barrere^^^  ,  Summerfield^®^  and  J.  Cohen . 

The  burning  area  of  the  A?  has  a  maximum  retreating  area  in  the 
II  area  and  there  are  small  "mountains"  formed  by  needle  like 
objects  on  its  surface.  Beth  v/e  and  J.  Cohen  observed 
the  shallow  "shell  crater"  shaped  maximum  retreating  area  on 
the  burning  surface  of  the  "mesa"  propellant.  As  for  the 
"stone  forest"  shaped  object  which  resembles  the  needle  like 
objects,  v/e  have  observed  this  feature  from  the  stereoscopic 
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tr.e  -ut;.?r3  "io  not  bslleve  that  this  is  only  a  coinciience; 

r"ther  ".'e  believe  that  it  is  due  to  the  covering  of  the  .4? 

surface  by  the  nelten  binder  and  the  introduction  of  sone 

reagent  ••hlch  inhibits  the  cor.bustion  speed.  These  factors 

un-^er  a  certain  oressure  produce  burning  conditions  similar 

to  f.'.e  explosion  and  combustion  of  pure  A?  in  area  fl. 

■.'.’nao  Is  tr.e  nature  of  the  cause  of  the  "II  area  characteristics' 

for  the  burning  and  explosion  of  A?  ?  './e  have  not  seen  any 

study  report  ’-.'hich  provides  a  full  explanation  up  to  this 

fl4l 

date.  C.  ■luirao  and  F.A.  './illians^  thought  that  the  increase 
in  pressure  'vill  increase  the  absorption  of  the  gases  by  the 
condensed  phase  and  the  absorped  gases  in  turn  inuibit  the 
destruction  of  010^^,.  This  is  why  the  condensed  phase  reaction 
"/ill  be  reduced  with  a.i  increase  in  the  pressure  and  hence  the 
combustion  speed  also  decreases  v/ith  it.  Even  though  this  view¬ 
point  lacks- direct  experimental  basis  aind  a  description  of 
the  queLotltatlve  relationship,  it  is  still  convincing  as  far  as 
the  explanation  of  the  problem  is  concerned.  This  paper  will 
take  this  hypothesis,  v/hich  assumes  that  the  condensed  phase 
reaction  is  a  function  of  the  pressure. 


Ill  PHYSICAL  MODEL 
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The  concustinn  of  a  coriposite  solii  propellant  is  a 
:^r''licatei  physical  and  chenical  problem  even  if  the  burning 
pr-’oess  is  in  steaiy  state.  '.I'e  not  only  have  to  study  this 
or-^blem  from  the  angles  of  chemical  dynamics,  the  heat 
conduction,  the  mass  conduction,  and  the  chemical  thermodynamics, 
as  well  as  treating  the  various  characteristics  of  the 
mechanically  mixed  substances  from  the  angle  of  statistics, 

I 

but  'we  also  have  to  examine  the  effects  of  factors  such  as  the 
relative  position  of  the  binder  and  the  oxidation  reagent  and 
the  mobility  of  the  binder  on  the  covering  of  the  A?  crystal 
surface  by  the  binder  from  the  angle  of  ordinary  mechanics. 
Specifically,  we  not  only  have  to  treat  the  whole  flame  as 
combinations  of  different  proportions  of  pre-mixed  flame  and 
diffusion  flame  based  on  their  influence  on  the  combustion 
Speed,  but  we  also  should  view  the  combustion  speed  problems 
as  combinations  of  condensed  phase  process  and  gas  phase  process 
and  treat  then  as  combinations  of  different  proportions  of  the 
condition  where  the  oxidation  reagent  is  covered  by  the  melten 
binder  and  the  condition  where  the  oxidation  reagent  is  not 
Covered  by  the  binder.  At  the  sasne  time  we  should  also  treat 
the  condenaeu  phase  reaction  as  a  function  of  pressure  when 
the  surface  of  the  oxidation  reagent  is  covered  by  the  binder- 
and  the  abnormal  burning  process  is  taking  place.  Also,  when 
we  consider  the  gasification  reaction  on  the  interface  of  gas 


9nl  liquid,  v/e  should  also  take  into  consideration  the  existence 
■of  the  reversed  process  of  gasification  -  the  negative-direction 
gasification. 

Based  on  the  concepts  mentioned  above,  we  are  proposing 
the  following  hypotheses  for  the  mechanism  of  the  steady  state 
burning  of  the  composite  solid  propellants  which  include  the 
"mesa"  type  propellants  ; 

1.  Based  on  the  presence  or  absence  of  the  covering  of 
the  oxidation  reagent  surface  by  the  binder,  we  can  classify 
the  burning  surface  of  the  propellant  into  two  areas.  The 
area  v/here  the  surface  of  the  oxidation  reagent  is  covered  by 
the  melten  binder  is  called  area  I,  while  the  area  where  the 
surface  of  the  oxidation  reagent  is  not  covered  by  the  melten 
binder  is  called  area  II.  These  two  areas  will  proceed  with 
their  different  burning  patterns  based  on  the  burning  conditions. 
Their  relative  importance  in  the  overall  burning  process  is 
determined  by  a  composite  parameter  T  which  represents  the 
fractional  area  of  the  oxidation  reagent  surface  which  is  covered 
by  the  binder. 

2.  For  area  II  where  the  surface  of  the  oxidation  reagent 
is  not  covered  by  the  binder,  it  is  quite  similar  to  the  "BDP" 
model  and  we  can  neglact  the  negative-direction  gasification. 

The  gasification  proc^;SS  without  the  negative-direction 
gasification  is  a  procedure  which  can  control  the  combustion 
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sroei.  It  also  has  thrae  t^'-pes  of  flar'.es  sirfiilar  to  those  of 
the  ’’31;?”  o;odel.  The  first  one  is  still  the  A?  pre-nixed 
flar:e  for  a  unit  A?  propellant;  the  second  one  is  a  diffusion 
flane  in  between  the  A?  dissociated  gasification  products 
and  the  surrounding  binder  or  the  heat  dissociation  product 
of  the  binder  ••/hich  covers  the  A?  surface  nearby  (area  I). 

We  •.•rill  call  this  the  initial  flame.  The  third  one  is  a 
diffusion  flame  in  bet’.veen  the  A?  flame  product  and  the  heat 
dissociation  product  of  the  binder  or  the  neighboring 
rich-burning  product  produced  by  the  combustion  process  in 
area  I.  Ve  will  call  this  the  final  flame.  This  hypothesis  is 
based  on  the  observation  that  the  AP  crystal  also  exhibits  the 
char-’cteristics  of  high  in  the  middle  and  low  on  the  edge 
before  it  is  covered  (Figure  3),  similar  to  the  characteristics 
observed  by  Derr  and  Boggr^^^^  for  the  propellants  with  positive 
pressure  exponents.  This  is  why  we  think  we  should  also 
have  a  complicated  flame  structure  and  we  should  also  have 
simileir  multi-layered  flames  just  like  the  similarities  we 
observed  for  the  surface  features. 

The  condensed  phaise  (  we  can  deduce  that  the  AP  surface 
that  is  not  covered  should  be  in  melting  state  before  the 
extinction  based  on  the  No.  53195  31ow  up  figure  of  the  central 
portion  of  the  oxidation  reagent  particle  shown  in  Figure  3) 
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■•■/ill  have  condensed  phase  reaction  taking  place  in  the  interior, 
■.'.'hich  releases  heat,  and  the  interfacial  reaction  v;ith  dissociation 
and  evaporation  taking  place  on  the  surface  of  the  liquid  layer. 
The  relationship  between  the  combustion  speed  and  the  pressure 
in  this  area  will  certainly  give  positive  exponents  similar  to 
those!  in  the  "3DP"  model. 

3.  In  area  I  where  the  surface  of  the  oxidation  reagent  is 
covered  by  the  melten  binder,  v/e  assume  that  the  condensed  phase 
with  reverse-direction  gasification  is  the  procedure  that 
determines  the  combustion  speed.  The  oxidation  reagent  maintains 
the  continuous  dissociation  and  gasification  on  its  interface 
by  taking  the  heat  generated  by  the  feed-back  of  the  gas  phase 
flame  and  the  heat  generated  by  its  own  condensed  phase  reaction. 
The  product  of  gasification  and  the  gaseous  product  of  the 
condensed  phase  reaction  pass  through  the  binder  liquid  layer 
on  top  of  them  in  the  form  of  dispersed  phase  and  subsequently 
form  gas  phase  reaction  with  the  dissociation  product  of  the 
binder  in  the  form  of  a  continuous  un-steady  pre-mixed  flame. 
Finally,  the  rich-buming  reaction  product  together  with  the 
oxygen-rich  product  on  top  of  area  II  form  a  diffused  flame. 

This  area  is  different  from  area  II;  the  reverse-direction 
gasification  can  not  be  neglected.  This  is  so  since  when  the 
surface  of  the  oxidation  reagent  has  already  been  covered  by 
the  melten  liquid  binder  layer,  the  gasified  oxidation  reagent 
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•molecules  c^.r.  no  longer  quickly  enter  the  flame  area  as  in 
area  II  even  under  low  pressure.  Instead,  the  molecules  will 
have  to  go  through  the  liquid  binder  layer  that  is  covering 
them.  This  is  why  the  concentration  of  the  gasified 
-"olecules  is  much  higher  near  the  interface  of  the  gasification 
orocess  than  is  the  case  with  no  covering  at  all.  The  gm  molecular 
••■/eight  that  impinges  on  a  unit  interfacial  area  per  unit  time 
also  increases  significantly.  This  kind  of  reverse-direction 
gasification  can  reach  a  quite  substantial  degree  even  under 
relatively  lov/  pressures.  This  is  why  we  assume  that  the 
dissociation  gasification  reaction  which  takes  place  under 
these  conditions  is  a  reaction  somevdiere  in  between  the 
reaction  rate  process  withou't  the  reversed  direction  and  the 
equilibrium  process.  Since  the  reverse-direction  gasification 
intensifies  with  the  increase  in  pressure,  the  relationship 
between  combustion  speed  and  pressure  will  obviously  have 
negative  exponents  when  the  pressures  are  higher  than  a  certain 
value. 

At  the  same  tine,  both  recent  observations  as  well  as 
our  results  indicate  that  the  raelten  binder  layer  always 
exists  on  the  A?  surface  when  _fche  propellant  is  burning.  '.Vhen 
the  AP  surface  that  is  not  covered  by  the  binder  burns  to  the 
degree  where  it  is  lower  than  the  liquid  surfs oe  of  the 
surrounding  binder  due  to  the  hi^  retreating  speed,  the  melten 
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binder  ceji  flow  into  the  area  and  cover  it.  Since  the  liquid 
binder  layer  is  closer  to  the  flane  than  the  A?  surface  that 
has  caved  in,  its  ter.rerature  v/ill  not  be  lower  than  that  on 
the  A?  surface^so  its  flowing  in  will  not  alter  the  condition 
of  the  A?,  surface  with  its  o'vn  melten  liquid  layer.  This  is 
why  the  dissociation  gasification  at  this  time  is  still 
dissociation  evaporation.  Also  as  described  above,  we  will 
further  assune  that  the  A?  here  exhibits  condensed  phase 
reaction  sinilar  to  that  described  in  reference  Cl^3  * 
this  reaction  is  also  a  function  of  the  pressure;  It  will 
increase  with  the  increase  in  pressure  under  low  pressures, 
v/hile  it  will  decrease  with  the  increase  in  pressure  just  like 
the  explosion  and  combustion  of  A?  in  "area  II’’  when  the 
pressure  exceeds  a  certain  value.  This  kind  of  a  pattern 
further  intensifies  the  effect  of  generating  negative  pressure 
exponents  by  the  reverse-direction  gasification. 

The  fractional  airea  of  the  surface  of  the  oxidation 
reagent  that  is  covered  by  the  melten  binder  ^  is  determined 
by  the  mobility  of  the  binder,  the  structure  of  the  burning 
surface  (while  the  structure  in  turn  depends  on  the  pressure), 
the  content  of  the  aluminum  power,  the  particulate  degree  of 
the  oxidation  reagent,  and  the  property  as  well  as  the  quantity 
of  the  reagent  used  to  adjust  the  combustion  speed.  All  these 
factors  are  obvious.  It  should  be  noted  that,  however,  when 
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•the  CTn'tent  ef  the  oxihetion  reagent  is  high  for  a  prescription 
lue  to  the  lo’-/  content  of  the  alur.inun  pov/er,  the  f*  value 
•'■'ill  increase  since  the  al’uninun  po’ver  and  its  condensed 
chunk  ••/ill  exert  less  resistance  to  the  flov/  of  the  binder. 

'.’hen  the  content  of  the  oxidation  reagent  is  lo'.v  since  the 
content  of  the  binder  is  high,  the  value  also  increases  since 
this  increases  the  possibility  of  covering.  As  for  the  particulat 
degree  of  the  oxidation  reagent,  it  is  obvious  that  the  largo* 
the  particle  is  the  longer  the  flov/ing  distance  of  the  liquid 
binder  layer  ’.■;ill  have  to  be  in  order  to  cover  the  surface 
completely,  so  the  f  value  decreases,  ’.'e  should  taJce  into 
consideration  that  any  factor  that  can  increase  f  will  have  a 
possibility  of  making  the  "mesa"  effect  occur  more  easily  when 
the  propellant  is  placed  over  a  certain  pressure  value.  So  we 
can  extend  the  analyses  mentioned  above  and  discuss  how  easy 
or  how  difficult  it  is  to  have  a  "mesa"  effect.  These  results 
are  consistent  v/ith  the  reports  in  references  M.M.fs]. 

5.  The  thickness  of  the  covering  lio.uid  layer  is  a  random 
quantity,  but  its  initial  mean  value  is  mainly  determined  by 
the  mobility  of  the  raelten  binder  layer  (-which  possibly 
contains  aluminum  pov/er)  and  -the  structure  of  the  burning  surface 
The  flowing  tendency  v;hich  prodaces  the  covering  phenomenon 
is  primarily  determined  by  .the  difference  in  height  between 
the  surface  of  the  binder  liquid  and  the  A?  surface.  Prom  the 
angle  of  the  motion,  when  a  certain  value  is  reached  which 


is  ^reat  enough  to  overcone  the  flov/  resistence  of  the  nelten 
cinier  licuid,  the  flov/ing  and  the  covering  can  be  realized. 

After  this  point  the  thickness  of  this  covering  liquid  layer 
•■vill  gradually  decrease  according  to  the  burning  pattern  in 
area  I  described  above.  This  is  why  the  mean  value  of 
the  real  thickness  of  this  liquid  layer,  assuming  it  covers 
the  entire  surface  completely, depends  on  not  only  the  mobility 
of  the  nelten  binder  liquid  but  will  also’  be  inversely 
proportional  to  the  retreating  speed  of  the  binder  in  area  I. 

17  MATHEI'IATICAL  TRSATT-IENT 

■■;e  will  first  assume  that  the  gas  phase  reaction  is  an 
even  phase  reaction  that  is  completed  in  one  step,  V/e  can 
neglect  the  heat  loss,  and  the  Influence  of  thermal  radiation,  and 
assume  that  the  particle  of  the  oxidation  reagent  is  spherical 
and  it  has  a  single  mode  single  dispersion.  Next,  we  simplify 
the  multi-dimensional  physical  model  into  a  one-dimensional 
model  so  we  can  facilitate  the  mathematical  treatment.  The 
areas  I  and  II  mentioned  above  are  usually  tivo  adjacent  areas 
and  there  is  usually  a  mass  exchange  relationship  between  them 
since  the  mixture  proportionality  is  different.  Based  on  the 
ultimate  effect,  we  also  simplify  these  two  areas  further  into 
two  independent  areas  as  shown  in  Figure  8;  we  win  still  call 


them  ere'>.3  I  -ved  II.  The  relationship  betv/een  then  is  linked 
by  the  equivalence  of  the  ultinate  adiabatic  flane  tenneratures 


in  these  t'.;o  areas,  '.’e  also  assume  that  during  the  burning 
process  the  consumption  ratios  of  the  oxidation  reagent  and 
binder  in  these  fr.vo  areas  are  the  sane  as  the  v/eight  ratio  of 
the  oxidation  reagent  and  binder  in  the  propellant.  So  the 


total  consumption  rate  of  the  nronellant  is  ; 


“  a  d-  ^  ,  jC'SoJr/S,) 


I.  area  I  ;  2,  diffused  flame  ;  3*  pre-raixed  flame 

liquid  binder  layer  j  5.  liquid  phase  ;  6.  solid  phase  j 

7.  A?  surface  j  9.  AP  ;  •  9,  area  II  ;  10.  final  flame  ; 

II.  A?  flame  ;  12.  initial  flame  ;  13.  liquid  phase  ; 

1^.  solid  Tjhase  j  15.  burning  surface  ;  16.  propellant  j 

17.  Figure  3  A  one-dimensional  model  of  areas  I  and  II. 
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v.'e  v;ill  now  treat  areas  I  and  II  separately  : 

Area  I  :  Based  on  the  hypothesis  that  the  condensed  phase 
reaction  exists  and  that  the  conbustion  speed  is  controlled  by 
the  condensed  pha.se  reaction  with  reverse-direction  gasification, 
v/e  can  obtain  the  follov/ing  equation  according  to  reference  (.261  ; 


nox,  - 


I  i_. 


(P.) 


Uf.)  J- 


(2) 


For  simplicity,  here  we  have  already  applied  the  assumption 
Jacobs  and  Russell-Jones  proposed  which  treats  NH^(g)  and 
HClO^(g)  as  a  single  unified  AP  evaporation  gas. 
is  the  equilibrium  evaporation  pressure  of  A?  under  a  temperature 
Tg.  From  the  Clausius-Clapeyron  equation  we  dan  obtain  the 


aoproximated  assumotion  : 


P AKH.a(,T BytXp  ^ 


(3) 


'v’e  can  further  deduce  the  following  equation  from  the  facts 
that  the  total  pressure  under  the  covering  liquid  2.ayer  equals 
the  combustion  pressure  and  that  the  mass,  concentration  ratio 
of  the  condensed  phase  product  and  the  AP  vapor  on  the  evaporation 
surface  equals  G/(l-G)  » 


.  1  + 


P 


l-C  J 

Now  we  can  obtain  the  continuity  equation  for  area  I 


as 
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C  A'  I  — 


I-G--*- 


P>:Xp{^^  -) 


_  ‘S'"' 

*-  ■•  'i-(7  ;r=  y-i 


(5) 


'■e  can  further  set  the  origin  of  our  one-dinensional 
coordinace  system  on  the  AP  surface  that  is  covered  by  the 
binder,  as  shc’-n  in  Figure  3,  and  place  the  moving  coordinate 
system  v/hich  moves  towards  the  interior  at  the  combustion  speed 
of  the  propellant  r.  Vve  can  then  obtain  the  following  equation 
whan  v/e  ass’ume  that  the  thermodynamic  parameter  is  a  constant  ; 

dT*  (I'T* 

^ + p,rco,F.(n  -(1  -a)o,F.(n]  ( 6 ) 


In  this  equation  ?^(Y) ,  F2(I)  are  functions  of  the  heat  release; 
they  describe  individually  the  heat  release  conditions  associated 
with  the  heat  dissociation  in  the  pre-raixed  flame  and  on  the 
surface  of  the  binder.  For  simplicity,  we  assume  that  the  heat 
releases  are  in  pulses  and  they  can  be  represented  by  ^  functions 


v/e  can  then  have  ; 


(7) 


In  this  eauation  A 


,  the  boundary  conditions  aure 


1 


when  y  »0,  T  »  T_ 

•  3 

when  y  ■  y^  ,  T*Tf.. 


(8) 


v/e  can  now  seek  solution  of  the  equation  by  using  the  Lagrange 
transformation,  and  also  take  into  consideration  the  relationship 
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of*  'thsr'r'. 


equilibriur.  on  the  AP  surface  : 


.dT 


■'G')Qs-GQi_2-^C,(,Ts-T,)} 


(9) 


■(‘e  can  then  obtain  a  representative  equation  concerning  : 

J  S~  I  ,-ra  — gr- - (1-0)^<XT>«.-S.  )  +  ^exp(-s.  ) 


gQt-(i-g)0.  . ..  ,0,  0, 


(10) 


c. 


T  ( 1  ~  c7 ^ 


Here  =■ 


Xa 


;  according  to  the  assumption  of  the  physical 


model  we  can  set  h  as 


B,p,a 


(1  — «)rtlax, 


(11) 


3^  is  a  parameter  which  primarily  characterizes  the  mobility  of 
the  melten  binder  liquid  (which  possibly  contains  aluminum  power) 
and  the  structure  of  the  burning  surface.  In  this  way, 

(12) 

“  Ad -a) 


Since- the  pre-raixed  flame  and  the  diffused  flame  eire 
separately  determined  by  the  chemical  reaction  speed  and  the 
chemical  reaction  as  well  as  the  diffusion  speed,  we  then  have 


t: 


c> 


,  im 

K^Aa^P’’ 

r  B,Pd’  IT... 


(13) 

(14) 
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II  :  2'/  entirely  similar  steps  as  in  area 

I.  v/e  have  ;  _  _  GQ-  —(l  —  G)Qs  ,  ,,  a  ^  ^ 

’  T t  =  +  -^expC-4^/) 

Q,  GQ,-{i-G)Q, 


+  0r  ^^exp(— 4;,)-r|^r/— r,  +  (l— a)  ^  ^ 

—  (_l  —  3f)aH^  —  7^  'exp(  — 4?^) 


Here  =  '^PH  ,  (while  J:,. -/ftox, -Y;,- 

\  '  '  *  ^ 

W..V.  v»_  Bfrtk,;,Pd'  y., - ^ 


(15) 
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•.•  _  C^So;t/5.)*oii  1 
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4^r 


C>(5ox/5.)»*Sx,.r  ,  . L_  , 

- - 1? -  LP»£>.r>ir*  + 


..  C.r5.,/5.V*4r.,r  .  1  _1 

*"* - - ip.D^T'rF  J 


'S^(— ij  h  If  IN 

'•/e  also  have  =  -  »  while 

(^~*or,  ,PA/ft/,,p^p)+  — Hullli, 

Pora 

Sisiilarly,  we  can  obtain  the  continuity  equations  : 


(16) 

(17) 

(18) 

(3) 


^0*  \ 

(19) 

■  R'Ti  } 

E,  \ 

R'Ts) 

(20) 
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From  the  simultaneous  equations  above  v/e  can  obviously 
obtain  the  relationship  betv/een  the  combustion  rate  on  the 
entire  surface  and  the  pressure  :  F(iti^,?)— 0. 


V  DISCUSSION 

Since  there  has  been  numerous  available  computational 
results  and  procedures  concerning  area  II  (such  as  references 
CS?]  .  C28]  ) .  we  will  only  carry  out  the  computations  for  area  I 
here.  The  results  of  the  computations  based  on  the  data  sets 
in  Table  2  are  shown  in  Figure  9.  V/hen  considering  different 
combinations  of  different  proportionalities  in  area  II  where 
the  pressure  exponents  are  alv/ays  positive,  v/e  can  obtain  the 
conditions  where  the  relationship  between  the  mean  combustion 
speed  and  the  pressure  will  show  positive,  zero,  and  negative 
pressure  exponents  when  the  pressure  exceeds  a  certain  value. 
The  mean  combustion  speed  is  estimated  for  the  entire  surface 
and  the  results  are  shown  in  Figure  10, 
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1.  Table  2  The  original  data  sets  used  for  the  area  I  computations 
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Figure  9  The  relationship  betv/een  nass  combustion  speed 
and  pressure  in  area  I. 


I,  ai« 

Figure  10  The  multiple  kinds  of  relationships  that  can  exist 
between  the  mean  combustion  speed  estimated  over 
the  entire  siirface  and  the  ores  sure. 


In  this  way,  we  can  first  try  to  explain  the  already 
discovered  phenomena  more  reasonably  » 

1.  Under  the  condition  that  the  AF  surface  is  covered 
with  a  layer  of  the  nelten  binder  liquid,  the  pressure  exponents 
may  not  have  to  be  either  zero  or  negative.  They  can  actually 


•  38 


f 


be  ::ositive.  This  is  v/hy  that  v;e  should  not  be  surprised  to 
find  the  existence  of  this  covering  phenomenon  associated  vdth 
prescriptions  v/ith  positive  pressure  exponents.  This  is  what 
can  and  should  be  considered  in  a  theoretical  model. 

2.  3?he  covering  phenomena  are  also  obvious  and  widespread 

under  lov/  pressures  for  non  "mesa"  areas  or  areas  neighboring 

the  "mesa"  areas.  This  also  does  not  contradict  our  model. 

« 

This  is  the  case  since  the  pressure  exponents  in  area  I  are 
also  positive  under  low  pressures  so  in  this  sense  they  are 
the  sane  as  those  in  area  II.  In  other  words,  the  increase  in 
the  fractional  covered  area  'C  will  not  change  the  pressure 
exponents  to  zero  or  negative  values  under  low  pressures. 

In  sum,  the  fact  that  the  covering  of  the  melten  binder  liquid 
on  top  of  the  A?  surface  is  not  a  particular  phenomenon  of  the 
propellant  in  the  "mesa"  area  can  be  explained  reasonably. 

3.  3y  replacing  the  local  extinction  under  the  area  where 
the  A?  is  covered  by  the  melten  binder  with  the  'abnormal  burnir.g, 
y/e  can  provide  a  more  reasonable  explanation  for  the  existence 
of  the  self-excited  vibration  under  the  pressure  condition 
associated  v/ith  extensive  covering. 

Secondly,  we  can  see  that  this  model  can  fully  explain 
the  phenomena  that  the  AP  composite  propellant  can  exhibit 
positive,  zero,  and  negative  pressure  exponents.  Furthermore, 
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■vhen  r  =  0  our  r.oiel  reduces  b^ck  to  the  "3DP"  type  nodel 
••••hich  replies  only  for  propellant  v/ith  a  binder  that  is 
difficult  to  nelt.  This  shov/s  that  our  nodel  can  be  used  for 
a  nuch  v/ider  range  of  applications. 

At  the  sane  tLne,  v/e  can  see  from  the  nathenatical 
treatnent  nenticned  above  that  through  the  computations  v/e  can 
not  only  explain  the  dependency  relationship  betv/een  the 
combustion  speed  and  the  pressure,  but  v/e'  can  also  calculate 
the  influence  of  the  initial  temperature  on  the  combustion 
speed  based  on  the  influence  of  the  initial  tanperatu.  e  on  t'ne 
surface  temperature.  V/e  can  then  calculate  the  temperature 
sensitivity  coefficient  associated  with  the  combustion  speed. 

In  the  meantime,  v/e  can  also  see  from  the  inclusion  of  the  diameter 
of  the  oxidation  reagent  particle  ^  (  t''  also  includes  the 

relationshio  vdth  it)  that  we  can  make  theoretical  oredictions 
about  the  effects  of  the  diameter  of  the  oxidation  reagent 
particle  on. the  combustion  speed,  temperature  sensitivity 
coefficient,  and  the  pressure  exponents. 

In  addition,  similar  to  the  basic  "BD?"  and  "GDF"  models, 
this  model  can  be  further  developed  into  a  statistical  model 
vfhich  can  take  into  consideration  the  effect  of  the  size 
distribution  of  the  AP  particles.  This  model  can  also  serve  as 
a  basis  for  the  study  of. the  erosive  burning  and  un-steady 
burning  of  the  propellants  which  include  the  ones  v/ith  negative 
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pressure  exponents,  just  like  the  '.vay  the  advocates  of  the 

fpol 

"?Z'”  r.odel  are  doing  it^ 

Of  course  the  types  of  propellatnts  involved  in  this 
study  are  linited  and  the  model  has  not  yet  given  the 
quantitative  relationship  betv/een  the  fractional  covering 
area  'C  ^nd  the  reaction  fraction  G, as  well  as  the  factors 
that  are  affecting  them.  This  is  why  further  study  and 
perfection  of  the  model  are  necessary. 

CONCLUSION 

1.  Throu^  3S«!  and  photography  through  the  transparent 
window  of  the  combustion  chamber  we  discovered  :  the  coveri.ng 
of  the  melten  binder  on  the  surface  of  the  A?  crystal  under 
certain  conditions  is  not  a  particular  phenomenon  of  the  ?U 
propellant  in  the  "mesa"  area;  rather  it  is  a  general  phenomenon 
that  can  take  place  over  a  much  extensive  area.  In  addition,  this 
kind  of  covering  may  not  result  in  local  extinction. 

2.  We  think  that  the  cause  of  the  "plateau"  and  "mesa" 
effects  of  the  composite  propellants  'with  easily  melting  bi.nders 
is  not  local  extinction;  rather  it  is  the  abnormal  burning  of 
propellant  vdth  condensed  phase  reaction  and  reverse-direction 
gasification  associated  vdth  different  covering  conditions  of 


the  AP  by  the  nelten  binher  liquii  Layer. 

3.  Since  there  widespread  existence  of  the  covering 
of  the  surface  of  the  oxidation  reagent  by  the  nelten  binder, 
the  assanrtions  of  the  "5DF"  and  "BD?"  models  are  destroyed. 

•his  is  why  we  need  a  new  basic  model  which  can  address 
the  rroblen  fully.  The  model  proposed  by  this  oaper  has  the 
potential  of  becomming  a  basis  for  the  development  of  such  a 
new  model.  . 

The  model  proposed  by  this  paper  not  only  exhibits 
the  superior  points  of  being  able  to  explain  fully  the  "plateau", 
"mesa",  and  normal  burning  behavior,  but  it  is  also  capable 
of  exnlaining  the  effects  of  initial  temperature  and  the  A?, 
particle  size  on  the  burning  characteristics.  The  latter  is  similar 
to  the  capability  of  the  traditional  models  such  as  the  "GDr" 
and  "33?".  At  the  same  time,  our  model  can  also  serve  as  a  basis 
for  the  study  of  the  erosive  burning  and  un-steady  burning  of 
the  propellents  v/hich  include  those  with  negative  pressure 
exponents . 

5.  The  model  proposed  by  this  paper  needs  to  be  further 
oerf ected. 
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